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Abstract 
Gold nanorods (GNRs) have been investigated due to their unique surface 
plasmon resonances (SPR) that are tunable in wavelength according to nanoparticle 
shape. The collective oscillation of the electrons in the GNRs excited by incoming light 
leads to enhanced electromagnetic fields near the gold surface, and thus can enhance 
the photophysical properties of nearby molecules. It has been demonstrated that 
enhancement of optical properties such as fluorescence and Raman scattering are 
distance-dependent from the metal surface, which makes the control of distance 
between the optical probe and gold surface of crucial importance. Meanwhile, 
researchers have also demonstrated that the electromagnetic fields are anisotropic, with 
higher fields located at the end of the GNRs upon excitation into the long-axis SPR 
mode. Thus, controlling the position of molecules on GNR surfaces is a major challenge 
in the field.   
The first aim of this thesis is to build up dynamic surface coatings on GNRs that 
change their thickness and reversibly responsible to specific outside stimuli. Poly (N-
isopropylacrylamide) (PNIPAM), with lower critical solution temperature around 32 °C in 
water, was chosen as the thermal responsive coating on GNRs. The dynamic surface 
on GNRs could be achieved by a simple graft-to functionalization step. Plasmon 
enhanced fluorescence and surface enhanced Raman were both investigated to report 
on the dynamic distance change, and we found reversible enhancement of the Raman 
signals of attached bipyridine ethylene (BPE) molecules in solution. We also 
investigated polymer graft-from the GNR surface in situ so that the grafting density and 
polymer composition can be fine-tuned for further application.  
 iii 
The second part of this thesis focuses on the heterogeneous silica coating of 
GNRs. A robust method has been developed for synthesis of side-specific silica coating 
and end-specific silica coating on GNRs with average rod diameter of around 15. The 
mechanism of the heterogeneous synthesis is investigated and GNRs with different 
aspect ratios was tested to illuminate the growth mechanism.  
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Chapter 1. Dynamic surface construction and signal 
reporting with fluorescence on gold nanorods 
1.1 Introduction 
Nanotechnology is a growth area of science, due to the many interesting 
phenomena that arise when materials reach the 1-100 nm range; the application space 
for these phenomena include promising catalysis1, biomedical therapeutics and imaging 
agents2, photonics3 and beyond. Among those all, nanomaterials made of gold have 
been studied extensively due to their strong surface plasmon resonance (SPR) in the 
visible range as well as robust ways to modify their surface.4 Unlike spherical particles 
that have symmetric and isotropic properties, gold nanorods (GNRs) with their 
anisotropic shape offer researchers with enhanced and tunable properties.5 GNRs with 
different geometry, namely length and diameter, can be controllably synthesized with 
the seed-mediated growth method.6 By changing the aspect ratio (AR = 
length/diameter), the longitudinal SPR peak can be tuned to cover the wavelength 
range from the visible to the near IR.6-7 The collective oscillation of the electrons in the 
GNRs leads to enhanced electromagnetic fields near the gold surface, and thus largely 
enhance the optical properties of nearby molecules.8 Abadeer et al have demonstrated 
that enhancement of molecular fluorescence is distance dependent with a silica-coated 
GNR system, by changing the silica shell thickness and comparing the fluorescence of 
free molecules to GNR-bound molecules as a function of silica shell thickness.9,10 Thus, 
building up a system with tunable distance to control the plasmonic enhancement 
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reversibly have become of crucial importance for understanding the phenomena and 
potential applications like sensing. 
Responsive polymers are capable of reversibly changing their conformation, 
responding to either internal or external stimuli.11 Depending on polymer composition, 
the stimuli include temperature, chemical environment, mechanical force, light or 
magnetic fields. Among these polymers, poly (N-isopropylacrylamide) (PNIPAM), with a 
lower critical solution temperature (LCST) of around 31 ºC, has been widely applied as 
thermally responsive polymer and incorporated into many 3D colloidal systems.12 
Kusolkamabot et al have developed an array of citrate-Au nanoparticles with different 
sizes and grafted with thiol functionalized PNIPAM with different molecular weight (MW) 
to achieve protein identification based on different fluorescence quenching ability of the 
system while interacting with proteins.13 Hemmer et al have demonstrated PNIPAM 
based thermal responsive spacer for temperature-induced energy transfer in dye-
conjugated upconversion nanoparticles (UCNPs).14 Carboxyl acid and thiol dual 
functionalized PNIPAM were introduced to the UCNPs based on the electrostatic 
interaction with the carboxyl group and the thiol in the other end is functionalized with 
organic dye through the thiol maleimide coupling. This donor-acceptor pair could 
undergo reversible energy transfer and showed difference in the ratiometrically.  
Here, we aim to introduce the PNIPAM spacer system to GNRs and thus perform 
thermal responsive fluorescence enhancement by binding fluorescent dyes to the outer 
layer of the spaces as shown in Scheme 1.1.  Though others have shown thermal 
responsive fluorescence properties before, most of them were aiming at quenching the 
fluorescence when fluorophores are brought to close proximity with the gold surface. 
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We would like to apply the strong field enhancement from GNRs to thermally induce the 
enhancement of the fluorescence. While the longitudinal SPR of GNRs can be tuned 
readily, we are hoping that this system could be applied to fluorophores absorbing and 
emitting at a broad range of wavelengths.  
 
 
Scheme 1.1. Schematic illustration of the experimental concept. The thermal responsive 
polymer PNIPAM is functionalized on GNRs and fluorophores are covalently attached to the 
ends of the PNIPAM. The distance between the fluorophore and the gold surface is expected to 
be tuned as the PNIPAM conformationally responds to temperature changes. Thus, responsive 
plasmonic enhancement of fluorescence signals is expected if the distance between the metal 
surface and fluorophore is properly controlled.  
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1.2 Experimental 
1.2.1 Chemicals and instrumentation 
Cetyltrimethylammonium bromide (CTAB), gold tetrachloroaurate (HAuCl4 
3·H2O), AgNO3, L-ascorbic acid, sodium borohydride (NaBH4), were purchased from 
Aldrich, and used as received. Azide terminated poly(N-isopropylacrylamide) (PNIPAM) 
with molecular weight at 15,000 g/mol was purchased from Sigma-Aldrich and used as 
received. A functional fluorophore with the dibenzocyclooctyne group (DBCO) IRDye 
800CW DBCO was purchased from LI-COR.  
All UV-Vis spectra were collected by a Cary 5000 UV-Vis-NIR 
spectrophotometer. Transmission electron microscopy (TEM) micrographs were 
collected on a JEOL 2100 Cryo TEM.  All the fluorescence spectra were collected using 
a Horiba Fluoromax 3 from Prof Yi Lu’s lab with excitation wavelength at 779 nm and 
emission collected in the 785-900 nm range.   
 
1.2.2 Synthesis of gold nanorods (GNRs) with different aspect ratios 
GNRs of different aspect ratios (AR=length/diameter) can be synthesized by 
adding different amount of AgNO3 into the growth solution following our previous 
protocol (Scheme 1.2).6-7 250 μL of 0.01 M chloroauric acid (HAuCl4) was added into a 
scintillation vial with 9.75 mL of 0.1 M cetyltrimethylammonium bromide (CTAB) and 
stirred vigorously. 0.6 mL of 0.01 M NaBH4 freshly made in cold water was added to the 
mixture and stirred for 10 minutes. The stirring was then turned off, and the solution was 
incubated for 1 hr at room temperature before using as seeds. In a 200 mL scale 
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synthesis, 190 mL of 0.1 M CTAB, 10 mL of 0.01 M HAuCl4, and various amount of 0.01 
M AgNO3 were mixed together in an Erlenmeyer flask. 1.1 mL of 0.1 M ascorbic acid 
was added to the mixture. The solution turned colorless, and 0.24 mL of seeds solution 
was added. The mixture was incubated at room temperature overnight and centrifuged 
once at 11,200 rcf for 20 minutes and stored for future usage.   
 
 
 
 
 
Scheme 1.2. GNR synthesis protocol using the seed-mediated growth method. The seed 
solution was first prepared by reducing chloroauric acid solution in CTAB with NaBH4. The 
growth solution was then made following reagent ratio listed above and seeds aged for 1h was 
introduced to the growth solution to initiate the GNR growth.   
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1.2.3 Reduction of the trithiocarbonate group and PNIPAM graft to 
GNRs with free thiol group 
The reaction scheme of trithiocarbonate reduction is shown in Scheme 1.3. 10mg 
functionalized Poly-NIPAM was weighed in a glass vial and degassed 3 times to keep 
the solid under inert gas. 500 μL of DMF was added to the reaction vial after being 
degassed for 4 hours. Then 10 μL of 1M sodium hydrosulfite and 10 μL of hexylamine 
was added to the reaction vial using a syringe. The reaction mixture was stirred 
overnight. Polymers activated from the aminolysis ( 20mg / mL ) were used to 
functionalize the GNR without further purification. 50 μL polymer in DMF was diluted into 
450 μL of nanopure water and then mixed with 500 μL GNR ( 1nM ). The mixture was 
put on the shaker for 2 days in a 4 °C cold room. The reaction mixture was centrifuged 3 
times at 6800 xg for 25 minutes for removal of free polymers.  
 
1.2.4 Polymer graft to the GNR surface with trithiocarbonate group 
 Poly-NIPAM stock solution 0.5 mM was made by dissolving 7.5 mg of polymer to 
1 mL cold water. Then 100 μL of polymer are diluted to 400 μL of nanopure water and 
finally mixed with 500 μL of GNR at the concentration of 1nM. The mixture was put on a 
shaker in a cold room at 4 °C and mixed for 48 hours. After the incubation, the mixture 
was purified by centrifugation at 7,000 xg for 15 minutes three times to remove the free 
polymers for further conjugation.    
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Scheme 1.3. Schematic illustration of chemical modification of purchased PNIPAM. Azide group 
on one end of the polymers were applied to react with IR dye 800CW (red dot) through copper 
free click reaction. The trithiocarbonate group can be reduced to free thiol through aminolysis 
and thus attach to gold surfaces.    
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1.2.5 Fluorophore attachment to the polymer-coated GNRs and 
fluorescence spectroscopy 
 There are two strategies to conjugate the fluorophore to the GNR/polymer 
system, pre-conjugation and post conjugation as shown in Scheme 1.4.  
In the pre-conjugation method, 100 μL of 1mM PNIPAM dissolved in methanol 
was mixed with 33 μL of 1mM IR-Dye 800CW stock solution (1mM in water). The 
mixture was put on the lab shaker at room temperature overnight. After the coupling, the 
mixture was added to functionalize the GNR without further purification. The 65 μL of 
the mixture was mixed with 500 μL of GNR and 400 μL of nanopure water. The mixture 
was put on the invert shaker at the cold room for two days. The GNR functionalized with 
dye polymer conjugate was purified by centrifugation at 7,000 xg for 15 minutes twice to 
remove unreacted fluorophore and free polymer conjugate.  
Alternatively, in the post-conjugation method, 100 μL 1mM of the functionalized 
polymer dissolved in methanol is mixed with 33 μL of 1mM IR-Dye 800CW stock 
solution (1mM in water). The mixture was put on the lab shaker at room temperature 
overnight. After the coupling, the mixture was added to functionalize the GNR without 
further purification. The 65 μL of the mixture was mixed with 500 μL of GNR and 400 μL 
of nanopure water. The mixture was put on the invert shaker at the cold room at 4 °C for 
two days. The GNR functionalized with dye polymer conjugate was purified by 
centrifugation at 7,000 xg for 15 minutes twice to remove unreacted fluorophore and 
free polymer conjugate.  
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Scheme 1.4. Schematic illustration of the procedure of pre-conjugation and post-conjugation. 
The pre-conjugation method couples PNIPAM and the dye (pink spheres) first and then 
functionalizes the dye-conjugated PNIPAM to GNRs, while the post-conjugation strategy relies 
on functionalization of the GNRs with PNIPAM first and then conjugation of dyes to the other 
end of PNIPAM in a second step.  
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Fluorescence spectra were taken on a Fluoromax 3 fluorometer. Stock solutions 
of the fluorophore IR-Dye 800CW DBCO were 1mM in water. Each time after 
consumption, the water was lyophilized and the solid form dye was stored in the freezer. 
The dyes at various concentrations were made by dilution by nanopure water. The 
excitation wavelength was 779 nm and the emission spectrum from 785 to 900 nm was 
collected.  
 
1.2.6 Thermal response of the GNR/polymer/dye system 
The thermal response of the GNR/PNIPAM/Dye system was tested with the 
same protocol as the fluorescence assay except that the plastic fluorescence cuvette 
was applied instead of their glass counterpart. The fluorescence spectrum of the sample 
was measured at room temperature as well as at the temperature of 45 °C to 
investigate the thermal response of the fluorescence signal. The temperature was 
controlled by using a water bath for heating and storage in the fridge for cooling. 
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1.3 Results and discussions 
1.3.1 GNR synthesis and characterization 
 GNRs with different aspect ratios were synthesized by varying the amount of 
AgNO3 in the reaction system. After the growth is complete, the mixture was centrifuged 
once to remove the free CTAB and unreacted chemicals from the GNRs. UV-Vis 
spectrum was acquired to characterize the plasmon properties of the GNRs. As shown 
in Figure 1.1a, with the increase in the amount of AgNO3 in growth solution, the SPR 
peak shifts to longer wavelengths, which corresponds to higher aspect ratio (AR = 
length / diameter). Since previous work in our group has demonstrated that the 
fluorescence plasmon enhancement is dependent on the overlap of the SPR and the 
fluorescence absorption and emission spectrum, in order to achieve better overlap with 
the laser and the fluorophore spectrum and thus get higher plasmon enhancement, 
GNRs with SPR peak around 785 nm was chosen for this study. Thus, 2 mL AgNO3 
was added to a 200 mL scale synthesis to amplify the reaction and GNRs with SPR 
peak at 760 nm were achieved. A TEM image in Figure 1.1b shows the morphology of 
the GNRs used for this study. The average lengths and diameters are 49 ± 6 nm and 13 
± 3 nm respectively, yielding an aspect ratio of 3.8 ± 0.7.   
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Figure 1.1. a) UV-Vis spectra of GNRs synthesized using different amounts of AgNO3 for all 
other concentrations held constant. As the amount of AgNO3 increases, the longitudinal 
plasmon peak red shifts and the GNR aspect ratio increases. b) TEM image of GNRs with a 
longitudinal SPR peak at 785 nm.    
 
 
 
1.3.2 Polymer graft-to GNRs with free thiol group 
 PNIPAM was chosen as the thermal responsive spacer to construct the dynamic 
surface due to its room temperature lowers critical solution temperature (LCST), below 
which the polymer is soluble and the polymer chains exhibit conformation of random 
coils and thus can stretch out from the gold surface. While temperature is increased 
above the LCST, the intra-molecular hydrogen bond would drive the polymer to fold and 
collapse on the gold surface.15 Based on previous experimental and computational 
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work, plasmon-enhanced fluorescence would reach the maximum enhancement at a 
distance from gold surface of around 10-15 nm; if the distance deceases to less than 5 
nm, fluorescence quenching would dominate.9-10 Thus, choosing the polymer chain 
length to the appropriate range become of crucial importance. PNIPAM with MW 15,000 
g/mol estimated to have length of around 50 nm below the LCST and around 10 nm 
above was chosen.16 PNIPAM was functionalized with an azide group for future 
coupling with fluorophore. Trithiocarbonate groups take place on the other end of the 
polymer due to the RAFT agent fragment left from the polymerization. Researchers 
have demonstrated that this group can be reduced to free thiol group and thus 
covalently attach to gold surface.  
 According to the protocol developed by You et al, hexylamine was used to 
perform the aminolysis of the trithio group under the reducing environment by sodium 
hydrosulfite to prevent the formation of the dimer.17 After the reduction, the mixture was 
characterized using UV-Vis and Gel Permission Column (GPC). As shown in Figure 1.2, 
the disappearance of the 310 nm peak, the characteristic peak for trithiocarbonate 
group, indicates the successful reduction. The GPC spectrum was applied to check if 
the oxidation state of the thiol group. As shown in Figure 1.2, there is no significant 
shoulder peak in the spectrum, proving that the majority portion of the polymer is still in 
free thiol monomer form rather than dimer formed by the oxidation to disulfide. It is 
worthwhile pointing out that although the reduction is successful for the trithio end of the 
polymer, the reduction and click reaction on the azide end is not orthogonal since the 
free amine in the solution would react with the fluorophore chosen, IR-Dye 800CW, and 
quench the fluorescence.  
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Figure 1.2. a) UV-Vis spectra of PNIPAM at different concentrations before and after the 
reduction reaction. The peak at 310 nm is the characteristic peak for the trithiocarbonate group. 
The peak disappears after the reduction, indicating the successful reduction. b) GPC 
chromatogram of the polymer after the reduction. There is a small shoulder at lower retention 
time region, corresponding to the dimer due to auto oxidation.  
 
Polymers activated from the aminolysis (20 mg / mL) were used to functionalize 
the GNR without further purification. The GNR and polymer mixture after the 
functionalization was centrifuged three times in the cold room. The centrifugation 
condition was optimized to be 6800 xg for 25 minutes each time. This purification step is 
of crucial importance here since free polymers in the solution would also react with 
fluorophore and thus impair the reaction efficiency. Meanwhile, free fluorophore in the 
solution would also interfere with the signal from gold surfaces and shield the plasmon 
enhancement of fluorescence that we are trying to investigate.  UV-Vis spectra were 
acquired to monitor the GNRs stability after each round of centrifugation. As shown in 
Figure 1.3, the SPR peak red-shifted before centrifugation, suggesting successful 
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coating after the polymer functionalization. However, the SPR peak shape started to 
show changes after centrifugation. The tail that rises on the longer wavelength range 
indicates slight aggregation of GNRs after the purification. This change could also be 
monitored after each round of the centrifugation. It can be shown that with more rounds 
of centrifugation, the aggregation of GNRs increases. That the aggregation happened 
after the centrifugations indicates the poor stability of GNR functionalized with PNIPAM 
with MW 15,000 using the free thiol group. This could be due to the high MW and thus 
the high steric hindrance to result in low coverage; alternately, the reduction process 
could have interfered with the functionalization.    
 
  
Figure 1.3. a) UV-Vis spectra of GNRs before (black) and after the functionalization (red) and 
purification (blue). Sonication was also applied after purification to check if the aggregation 
could be relieved. (purple) b) UV-Vis spectra of GNRs coated with PNIPAM after each round of 
centrifugation. Both figures suggest that PNIPAM coated GNRs synthesized with this method is 
not quite stable towards centrifugation.  
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1.3.3 Polymer graft-to GNRs with trithiocarbonate group 
To simplify the synthesis process and remove the potential effect from the 
reduction step, grafting PNIPAM to GNRs with trithiocarbonate group directly was 
studied. Liang et al and Nash et al have previously shown that trithiocarbonate can be 
used to covalently attach to the gold nanoparticle surface and showed comparable 
stability with free thiol group.18  
UV-Vis spectra were acquired to monitor the stability of GNRs after PNIPAM 
functionalization with the trithiocarbonate group. As shown in Figure 1.4, GNR solutions 
remained stable after two runs of centrifugation and started to have some aggregation 
and low recovery issue after the third centrifugation. To make a fair comparison, free 
thiol group are used to functionalize the GNR under the same condition, and the similar 
aggregation behavior was observed. Based on these tests, functionalization with the 
trithiocarbonate group was finally chosen and the purification condition was optimized to 
be centrifugation twice at 7,000 xg for 15 minutes each. 
A representative TEM image of the GNR before and after the polymer 
functionalization is also shown in Figure 1.4. 10 μL of the GNR at the concentration of 
0.3 nM and 10 μL of GNR/polymer at the concentration of 0.5 nM was added to TEM 
grids respectively and waited overnight for the solvent to evaporate. The TEM images 
further suggest that GNRs are still well dispersed and no aggregation took place after 2 
rounds of centrifugation at the optimized speed and time. 
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Figure 1.4. (a, b) UV-Vis spectra of PNIPAM functionalized GNRs after different rounds of 
centrifugation with (a) trithiocarbonate functionalization and (b) free thiol functionalization. TEM 
images of PNIPAM functionalized GNRs before (c) and after (d) the polymer coating are also 
shown to indicate lack of GNR aggregation after functionalization. Scale bars are 20 nm for (c) 
and 50 nm for (d).  
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1.3.4 Fluorophore conjugation and fluorescence essay 
 Since GNRs can be functionalized with polymers using the trithiocarbonate group 
directly without modification, the azide group on the other end could be applied to 
conjugate the fluorophore as a signal reporter of the responsive surface polymer. Two 
different strategies to conjugate the fluorophore to the GNR/Polymer system to achieve 
GNR/Polymer/Dye system were tested, pre-conjugation and post conjugation.  
 The pre-conjugation strategy indicates a coupling of the polymer and dye prior to 
the functionalization of the GNR with polymer. The advantage of this process is the 
certainty of the functionalization, since there is no need to concern the stability of the 
azide group after the functionalization incubation and purification. The drawback of this 
strategy, however, is the low functionalization efficiency of the GNR/polymer step, thus 
requiring large amount of the dyes to functionalize a small amount of the GNR. An 
alternative way of functionalizing the fluorophore to the GNR/polymer system would be 
to functionalize the GNRs with polymer first and then conjugate the dye to the azide 
group on the other end. The advantage of this strategy is that excess fluorophore is not 
required to functionalize a certain number of the GNRs, while the major drawback is the 
stability of the azide group during the polymer functionalization process.  
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Figure 1.5. a) Raw fluorescence spectrum of free fluorophore IR dye 800CW in water 
measured at room temperature as a function of fluorophore concentration. The 
excitation wavelength was 779 nm. b) Relative fluorescence intensity vs concentration 
of the fluorophore using the area under the curve from part (a).  
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In order to quantify the amount of the fluorophore on the GNRs, a fluorescence 
assay of the dye was performed to make a calibration of the fluorescence intensity and 
the dye concentration. As shown in Figure 1.5, the fluorescence signal can be detected 
at the concentration of nM range and linear dependence of fluorescence intensity on the 
fluorophore concentration is very good for further quantification.  
The pre-conjugation sample was first tested after purification by fluorescence 
spectroscopy and compared with different controls. One important control is the 
collection of supernatant from the last centrifugation and diluted 100 times to estimate 
the amount of free fluorophore left in the system. GNRs functionalization with the dye-
conjugated polymer was achieved at concentration of 1 nM. The fluorescence was 
measured at 1 nM and 0.5 nM GNR/PNIPAM/dye system. The fluorescence of 10 nM 
free fluorophore is also shown in the same figure as a reference. As shown in figure 1.6 
a), due to the scattering of the GNR and the inner filter effect, there is no defined shape 
peak for the fluorescence for GNR/polymer/dye sample. Based on the comparison with 
the supernatant dilute as a control, it can be observed that there is significant difference 
on the fluorescence intensity between the GNR/Polymer/dye system and the free dye 
control, indicating successful attachment of the dye on the GNR. The quantity of the dye 
per GNR, however, is low as the comparison between the spectrum with free dye and 
GNR mixture. It can be concluded that the dye can be successfully functionalized using 
the pre-conjugation strategy. However, higher grating density is required to achieve 
detectable changes with further plasmon enhancement study. 
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Figure 1.6. a) Raw fluorescence spectra to study the attachment for pre-conjugation strategy 
synthesis. GNR is GNR only control and sup 100X dilu is the sample with 100 times diluted 
supernatant as the control for free fluorophore. 10 nM is the free fluorophore reference and 
GNR 2x dilu is the sample of GNR/Polymer/dye system with GNR concentration 0.5 nM.   b) 
Raw fluorescence spectra to confirm the attachment for the post-conjugation strategy synthesis 
with extinction wavelength at 779 nm. G/P and G/P 2x indicate GNR/Polymer/dye at 
concentration 1 nM and 0.5 nM respectively. Sup 100x is the supernatant sample to control free 
fluorophore and sup 100x GNR and sup 100x GNR 2x are the mixture of GNR only and sup 
control with GNR concentration 1 nM and 0.5 nM respectively. The result suggests successful 
attachment for both methods, but the grafting density achieved from post-conjugation is higher 
compared to pre-conjugation.  
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On the other hand, the post-conjugated GNR and polymer shows a strong 
emission peak at the wavelength of 800 nm. The 100 times diluted supernatant was 
also applied as a control reflecting the free fluorophore sample. GNRs were also added 
to the supernatant control to get the same concentration of GNRs as the sample to get 
exact situation as the sample. After GNR/Polymer/dye was diluted 2 fold, the 
fluorescence intensity increased slightly. This unusual behavior compared to free 
fluorophore is due to the decease of scattering from the GNRs due to the dilution. 
Based on the significant enhancement of the GNR/Polymer/dye to the control sample, 
the fluorophore can be functionalized applying this strategy and the efficiency is higher 
than the pre-conjugation method. As a summary, both methods could be applied to 
construct the GNR/Polymer/dye system and the post-conjugation is preferred due to 
higher fluorophore coverage and efficiency with the fluorophore usage.  
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1.3.5 Thermal response of fluorescence from GNR/Polymer/dye 
system 
 The responsive polymer coated GNRs with dyes functionalized on the other end 
can be used to study the distance dependence of plasmon enhanced fluorescence. 
With the spacer capable of changing their length when temperature was altered around 
the LCST, fluorescence signal could be tuned reversibly. In order to achieve higher 
enhancement of the fluorescence, we choose GNRs with higher aspect ratio and thus 
higher field enhancement factor. IRdye 800CW was chosen to better overlap with both 
the GNRs SPR and the incident laser.  
 The thermal response of the GNR/PNIPAM/dye system was measured using the 
same fluorometer with four-way plastic cuvette to retain colloidal the stability of GNRs 
under high temperature. The temperature was controlled with water bath to heat up to 
45 °C and cooled down with 4 °C fridge. The thermal response fluorescence of the 
GNR/PNIPAM/dye system is shown in Figure 1.7. Two different concentration of GNRs 
were examined, 0.1 nM and 0.5 nM in particles. It can be seen that for GNRs at the 
lower concentration, the fluorescence signal shows irreversible change with the 
temperature. Raising the temperature caused the fluorescence signal to decrease, 
possibly due to the collapse of the PNIPAM causing the fluorophore to move close 
enough to the gold surface so that the fluorescence can be quenched. However, for the 
high GNR concentration sample, the fluorescence increased when the temperature 
increased, and failed to drop back when the temperature cooled down again.   
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Figure 1.7. Raw fluorescence spectra of the GNR/PNIPAM/Dye system at room temperature, 
high temperature (45 oC ) and cooled down again to room temperature. The upper curve is for 
GNR concentration of 0.1 nM and the lower one at GNR concentration of 0.5 nM. 
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1.4 Conclusion 
GNRs with SPR peak at around 785 nm were synthesized with the seed-
mediated growth synthesis method. GNRs with this aspect ratio were chosen for this 
study due to better overlap with the laser and therefore higher enhancement factor 
compared with shorter rods. Dynamic surfaces on GNRs were constructed with thermal 
responsive polymer PNIPAM with one-step graft to method. Two different methods have 
been investigated for the graft-to synthesis. It has been shown that grafting with 
trithiocarbonate group could achieve better colloidal stability on the PNIPAM coated 
GNRs possibly due to the avoidance of an extra reduction step. IR dye 800CW was 
applied as the fluorescence probe to report the dynamic surface change. There are also 
two ways of conjugating the dye to the other end of the polymer with Cu free click 
reaction, pre-conjugation and post-conjugation. The result here suggest that the post-
conjugation method would be more favored due to its higher dye loading density and 
better synthesis efficiency with the fluorophore. For the synthesis, it is important to 
make sure that there is adequate purification done after each component is introduced 
since the free unreacted molecules would interfere with the following reaction and shield 
the plasmon enhancement took place at the GNR surfaces. The thermal response of 
the fluorescence of the system is observed. Unlike the expected fluorescence 
enhancement happed at high temperature due to polymer collapse and the following 
distance change, the fluorescence decreased for GNRs with concentration 0.1 nM. This 
could be due to the distance decreased too close to the gold surface such that 
fluorescence got quenched. For GNRs with concentration 0.5 nM, the fluorescence was 
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enhanced at higher temperature. The change, however, is irreversible as further 
temperature change would no longer have any effect on the fluorescence intensity. 
One major drawback for this system is the colloidal stability of GNRs after 
functionalized with PNIPAM. As fluorescence was chosen as the signal reporting 
method, the distance change range was designed to be form around 10 nm to over 20 
nm. This distance range require polymer with MW higher than 10,000 g/mol. The high 
MW and thus steric hindrance could be the reason for poor GNR stability due to low 
grating density. Another drawback lies on the nature of fluorescence. Since 
fluorescence intensity is very sensitive to the environment, any subtle change in the 
solution could affect the outcome. For instance, it is known that fluorescence intensity 
would decrease as the temperature increases due to higher rate for quenching. 
Meanwhile, fluorescence intensity would increase and then decrease as the distance 
decrease. All this phenomena make the system more complicated and make it difficult 
for assigning the real cause for the results we observe. Other signal reporting could 
potentially be more appropriate for the reporting of the dynamic plasmonic 
enhancement.  
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Chapter 2. Detection of dynamic responsive surface coatings 
on gold nanorods via surface-enhanced Raman scattering  
2.1 Introduction 
Raman scattering is an inelastic scattering of visible and near-infrared photons 
that interact with the vibrational motion of molecules.19 It has been shown that the 
Raman scattering cross-section of molecules is significantly enhanced when the 
molecules are present in close proximity to rough metal surfaces or nanostructures due 
to the large local electric fields at the surface.20 This surface-enhanced Raman 
scattering (SERS) have been widely applied in combination with nanomaterials to 
improve applications in imaging21 and sensing.22 Researchers have already 
demonstrated that the SERS signal is highly distance-dependent:  greatly enhanced at 
the surface and decay rapidly at around 5 nm.23 Thus, SERS could serve as a good 
signal reporting method for dynamic surfaces that can be tuned to “breathe” from ~1-5  
nm in thickness. 
The thermally responsive polymer PNIPAM has already been applied with 
nanomaterials and SERS to achieve thermally responsive SERS signals. Wang et al 
first embedded gold nanoparticles in PNIPAM hydrogels and created thermally 
responsive plasmonic nanocomposites.24 Alvarez-Puebla et al, on the other hand, were 
able to synthesize PNIPAM shells on gold nanoparticles and form uniform and compact 
thermally responsive shells of around 50 nm thickness.25 The efficacy of ultrasensitive 
SERS analysis with this system was tested. Raman probe incubated with Au@PNIPAM 
below the LCST was non-covalently attached to PNIPAM shell and captured towards 
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the gold surface while the temperature is above PNIPAM LCST, thus showing turning-
on of SERS signal. Other plasmonic nanomaterials have also been coated with 
PNIPAM, for instance gold nanostars.26 Gold nanorods have also been applied as the 
plasmonic substrate; Fernandez-Lopez et al doped GNRs on the surface of PNIPAM 
microgels and achieved reversible SERS signal due to the distance changes between 
GNRs as a function of temperature which swelled and deswelled the PNIPAM gels.27 
Recently, Kearns et al demonstrated the reversible Raman signal enhancement of 1,2-
di(4-pyridine)ethylene (DPE) by PNIPAM coated gold nanoshells.28 Upon mixing with 
PNIPAM coated particles, DPE physically adsorbed to the polymer, and thus upon 
changing the temperature, the distance from gold surface changed as PNIPAM 
underwent conformation changes to put DPE closer and further from the surface in a 
reversible manner.   
Surface initiated polymerization (SI polymerization) is an alternative strategy to 
achieve a dynamic surface on the GNR surface. Compared to grafting to methods, SI 
polymerization, or grafting–from, requires functionalization of polymerization initiators on 
GNRs surfaces before polymerization in situ. Owing to the development of polymer 
science, SI polymerization would endow the polymer shell with finely controlled polymer 
molecular weight, grafting density, conformation and composition.29 PNIPAM can be 
synthesized in situ on GNRs surfaces by applying the SI atom transfer radical 
polymerization (ATRP).30  
In this part of the thesis work, dynamic surfaces were constructed on gold 
nanorods through PNIPAM grafting to GNRs. The dynamic change of distance is 
reported similarly using the non-covalently attached Raman probe DPE. Based on 
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previous literature discussing the Raman enhancement range and the PNIPAM 
molecular weights, PNIPAM with MW around 3,000 g/mol was chosen for this study. 
Surface-initiated (SI) polymerization has also been tested in order to further control the 
grafting density and thickness of PNIPAM shells. Different method of SI-polymerization 
initiator functionalization have been tested and compared to achieve a more uniform 
initiator layer and thus PNIPAM shell with higher quality and uniformity.              
 
 
 
 
 
2.2 Experimental 
2.2.1 Chemicals and instrumentation  
Thiol-functionalized PNIPAM (MW 3,600 g/mol) was purchased from Polymer 
Source Inc and received as a bulk solid. The solid was crushed into powder with a 
spatula before every usage. 1,2-di(4-pyridine)ethylene (DPE, 97%) was purchased from 
Sigma-Aldrich. ATRP initiators were purchased from Prochimia Surfaces and used as 
received in liquid phase. Thiol-functionalized polyethylene glycol (MW 5,000 g/mol) was 
purchased from NanoCS and used as received.  
All UV-Vis spectra were collected by a Cary 5000 UV-Vis-NIR 
spectrophotometer. DLS and ζ-potential measurement were performed on a ZetaPals 
zetapotential analyzer (Brookhaven, USA). Transmission electron microscopy (TEM) 
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micrographs were collected on a JEOL 2100 Cryo TEM. The Raman signal was 
acquired with a table-built SERS setup with the help from Mr. Kevin Schmidt from Prof. 
Andrew A. Gewirth’s group. A 785 nm laser (80 mW) at sample excitation approximately 
45° relative to an 85 mm f/1.2 collection lens (Canon) was applied to the capillary tube 
containing the sample. The scattered radiation was focused using an f/3.3 lens to a 
SpectraPro 2300i monochromator (Princeton Instruments) and the typical acquisition 
time for each sample is 30 seconds. X-ray photoelectron spectroscopy (XPS) 
characterization were collected on a Kratos Axis ULTRA XPS (Manchester, UK).   
 
 
2.2.2 PNIPAM graft to GNRs and characterization  
 10 mL of 1.5 nM GNRs with longitudinal plasmon peak at around 760 nm as 
synthesized were mixed together with 2.5 mL of 6 mg/mL PNIPAM. The mixture was 
shaken in a 4 °C cold room for 24 hours, followed by two rounds of centrifugation at 
7,000 rcf for 15 minutes at 4 °C. 
 In order to characterize the successful coating of PNIPAM to GNRs surfaces, 
UV-Vs spectra for GNRs before and after PNIPAM coating were acquired. DLS and ζ-
potential were also used verify successful polymer coating.  
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2.2.3 Thermal response of Raman signal for GNR/PNIPAM/DPE  
 
An aqueous solution of DPE was mixed with PNIPAM coated GNRs to form a 
GNR/PNIPAM/DPE system to investigate the dynamic change of GNRs surfaces. 1 mL 
of 10 nM PNIPAM functionalized GNR was mixed with 150 μL of 0.5 mM aqueous 
solution of DPE in an Eppendorf tube and incubated for 30 minutes in a 4 °C refrigerator 
to allow for DPE adsorption. A NIR laser emitting light at 785 nm with a power at 80 mW 
was used to perform the Raman experiments and the process is described in Scheme 
2.1. The temperature can be altered around the PNIPAM LCST by incubating the 
sample in the fridge and 40 °C water bath. During each test, one aliquot of sample was 
taken out by a capillary tube to acquire the Raman signal of DPE. The Raman signal 
was tested on a table built Raman system. A heating plate was installed during the test 
for high-temperature sample to minimize the heat dissipation during the signal 
acquisition.   
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Scheme 2.1. Experiment scheme for thermal responsive Raman data acquisition. 1 mL of 10 
nM PNIPAM coated GNRs were mixed together with 150 μL of 0.5 mM DPE (green dots) 
aqueous solution in an Eppendorf tube and went through temperature cycles. A capillary tube 
was used to take an aliquot out of the sample at certain temperature to acquire Raman signal. 
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2.2.4 Initiator functionalization of GNRs for surface-initiated 
polymerization 
Two different ways of initiator functionalization was tested and compared. The 
reaction procedure is shown in Scheme 2.2. An extra ligand exchange step is presented 
in the two-step synthesis. During the first step, 10 mL of 1.2 nM GNRs were mixed with 
5 mL of 0.5 mM PEG of MW 5,000 and the solution was left on a shaker overnight. The 
mixture was centrifuged at 8,000 rcf for 20 minutes twice to remove the free polymer 
and redispersed in 10 mL DMF to make the final GNR concentration around 1 nM. 3.53 
mg of initiator in 10 mL of DMF (1mM) was added to the GNR in DMF solution and the 
mixture was allowed to incubate on the shaker for 4 days. After the incubation, the 
mixture was centrifuged at 8,000 rcf for 20 minutes to remove the free initiator and 
dispersed in H2O/DMF 1:1 solution to make the final concentration around 2.5 nM in 
GNR for further use.  
During the one-step synthesis, different solvent component (H2O/DMF ratio) and 
initiator to GNR ratios were tested. 200 μL initiator dissolved in DMF was added drop 
wise to 600 μL or 800 μL 1 nM GNR in water to achieve H2O/DMF ratio 3:1 and 4:1 
respectively. The concentration of the initiator was chosen to be 0.3 nM, 0.6 nM and 1.5 
nM in the 3:1 H2O/DMF ratio case and 0.4 nM, 0.8 nM and 2 nM for the 4:1 H2O/DMF 
ratio so that the initiator/GNR ratio can be controlled as 105, 2x105 and 5x105. After 
overnight incubation, the mixture was centrifuged at 8,000 rcf for 20 minutes and 
redispersed in water. The solution was centrifuged at the same speed again and finally 
redispersed in water or H2O/DMF 1:1 to examine the stability of the initiator coated rods. 
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The initiator-functionalized GNRs prepared by both methods were characterized 
by XPS. The GNR concentration of each sample was controlled at 0.5 nM. Silicon wafer 
was used as the substrate for the XPS experiment and was pretreated with hydrofluoric 
acid to remove the oxide. 15 μL of the initiator coated GNR solution was dropped cast 
on the silicon wafer twice for sample loading.  
 
 
 
Scheme 2.2. Reaction procedures for two-step method (a) and one-step (b) method for the 
functionalization of initiators on GNRs.  
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2.3 Results and discussions 
2.3.1 PNIPAM graft to GNRs and characterization 
 In order to report the dynamic surface change as a function of temperature via a 
Raman signal, the polymer chain length should be changed from the previous 
fluorescence study since the enhancement range for Raman is different. Based on 
previous work, PNIPAM with MW at 3,600 was chosen as the spacer to achieve a 
length change range from around 5 nm to less than 1 nm. While the Raman probe can 
be non-covalently associated with PNIPAM as suggested by Kearns et al, mono thiol 
functionalized PNIPAM would be sufficient for both dynamic surface construction and 
signal reporting.28  
Figure 2.1. a) UV-Vis spectrum of GNRs before (black), after PNIPAM coating (red) and after 
purification (blue). The slight red shift indicates the successful PNIPAM coating. b) DLS 
measurements for GNRs before PNIPAM coating (upper) and after PNIPAM coating with 
purification (lower).      
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To characterize the successful coating of PNIPAM to GNRs surfaces, UV-Vis 
spectra for GNRs before and after PNIPAM coating were acquired. As shown in Figure 
2.1 (a), the SPR peak of GNRs shifted to 778 nm after coating and shifted back to 766 
nm after purification. The shift in SPR peaks indicates changes of refractive index in the 
surrounding media of GNRs and thus suggests successful coating of PNIPAM. DLS and 
ζ-potential were also used verify successful polymer coating. The peak that originates 
from the translational motion of GNRs slightly increased after PNIPAM coating, 
indicating an increase of hydrodynamic length and diameter after polymer coating. 
Based on the model for particles at rods shape,31 the hydrodynamic thickness of 
PNIPAM can be calculated at 9.8 nm. A decrease of ζ-potential from 43 ± 2 mV to 20 ± 
1 mV after the functionalization also suggests the successful replacement of CTAB with 
PNIPAM since the polymer has a neutral charge in water.  
 
 
 
2.3.2 Thermal response of Raman signal from GNR/PNIPAM/DPE  
The dynamic thickness change for PNIPAM was observed using the Raman 
probe DPE. Kearns et al have demonstrated reversible Raman signal enhancement of 
DPE by PNIPAM coated gold nanoshells.28 Upon mixing with PNIPAM coated particles, 
DPE physically adsorbed to the polymer, and thus upon changing the temperature, the 
distance from gold surface changed as PNIPAM underwent conformation changes to 
put DPE closer and further from the surface in a reversible manner. A similar strategy 
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was adopted here while the non-covalent association of DPE and PNIPAM was used to 
generate the signal report. A NIR laser at 785 nm with the power at 80 mW was used to 
perform the Raman experiment to achieve the maximum enhancement. The 
temperature can be altered around PNIPAM LCST by incubating the sample in the 
fridge and 40 °C water bath. During each test, one aliquot of sample was taken out by a 
capillary tube to acquire the Raman signal of DPE.  
Two cycles were completed and the resulting normalized Raman intensity is 
shown in Figure 2.2 (a) and (c). The reversible enhancement of the peak at 1200 cm-1 
and 1650 cm-1 corresponds to reversible distance changes of DPE from GNRs surfaces. 
It is worth pointing out that for each sample that was cooled down from temperature 
above LCST, the Raman peak could not be totally recovered, possibly due to some 
retention of DPE on the gold surface while PNIPAM was collapsed on GNRs. Each 
aliquot for acquiring the Raman signal was also collected and UV-Vis spectra was taken 
to monitor the stability of GNRs. GNRs remained stable in the solution without 
aggregation based on the similarity of their SPR peak shapes, further indicating that the 
reversible signal change is due to the successful construction of dynamic surface rather 
than irreversible aggregation of GNRs. 
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Figure 2.2. (cont.) 
a 
b 
c 
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Figure 2.2. a) Thermal response of Raman spectra of GNR/PNIPAM/DPE within 2 temperature 
changing cycle. The curves from low to high are the mixture at their starting low temperature 
(black). first cycle where the sample were heated above the LCST (red) and cooled back down 
(blue) and the second cycle above (purple) and below the LCST (green) respectively. The 
reversible Raman signal can be observed for 2 cycles. b) UV-Vis spectrum for the aliquot used 
for signal acquisition. The consistence in their peak shapes proved that the signal change is not 
due to irreversible GNR aggregation. c) Thermal response of normalized Raman intensity over 
cycles. LT and HT indicate temperature low and high respectively and number after indicate the 
cycle number. Raman intensity was normalized and the area under the peak is identified for 
comparison.    
 
 
2.3.3 Initiator functionalization on GNRs for PNIPAM surface-initiated 
polymerization 
SI polymerization is an alternative strategy to achieve a dynamic surface on the 
GNRs surfaces. Compared to grafting to methods, SI polymerization, or grafting–from, 
requires functionalization of polymerization initiators on GNRs surfaces before 
polymerization in situ.  
PNIPAM can be synthesized in situ on GNRs surfaces by applying SI atom 
transfer radical polymerization (ATRP).30 Initiators are purchased from Prochimia 
Surfaces, and α-bromobutyrate ester moieties were introduced on 11-carbon alkanethiol 
scaffolds so that ATRP can be initiated from gold surfaces. Since the initiators only 
possess good solubility in DMF, ligand transfer was applied to functionalize initiators on 
GNRs surfaces to ensure colloidal stability based on previous work from Dr. Eller in our 
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group. After functionalizing GNRs surfaces with polyethylene glycol (PEG), GNRs were 
dispersed in DMF and incubated with the initiator solution to achieve initiator coating for 
SI-polymerization. PNIPAM was successfully polymerized on GNRs surfaces with a 
shell thickness of around 10 nm. However, the polymer shell quality needs to be 
optimized in order to reduce number of GNRs without shells and non-uniformed shells. 
 
 
 
Figure 2.3. a) UV-Vis spectra of GNRs dispersed in solvents with different H2O/DMF ratios. 
Black, red, blue and purple corresponds to water/DMF ratios of 10:2, 10:3, 10:4 and 10:5 
respectively and the green curve serve as a control for GNRs dissolved in water with good 
stability. b) UV-Vis spectra of GNRs with (red) and without (black) the initiator functionalization. 
While GNR initiator indicate the GNR sample after the one-step initiator functionalization, GNR 
DMF indicate the control sample with GNRs going through all the process but with DMF solvent 
only. 
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One way to optimize the PNIPAM shell growth on GNRs is improving the 
uniformity of initiator coating. In previous trials, PEG was introduced to complete a 
ligand transfer process so that GNRs could be compatible with DMF, the solvent used 
for dissolving initiators and the following functionalization. We propose that residual 
PEG after the ligand exchange could potentially cause poor uniformity of initiator 
coating and thus impair the PNIPAM shell quality.  
Thus, a one-step direct initiator functionalization method was adopted (Scheme 
2.2 b). By tuning the H2O/DMF ratio to 3:1 and adding the initiators dropwise, the GNRs 
stability and initiators solubility could both be fulfilled. The successful coating was 
characterized by the SPR shift in the UV-Vis spectrum. X-ray photoelectron 
spectroscopy (XPS) was used to quantify the initiator density on GNRs. Torelli et al. has 
demonstrated a model for ligand quantification on spherical nanoparticles using XPS.32 
Using this, we can compare the initiator density by comparing the peak area for the 
identifying element for the initiator with the similar idea. Figure 2.4 shows the 
comparison of XPS peak area for C and Br. Residual PEG on GNRs after ligand 
exchange could be observed based on the high oxy-carbon contribution at 286 eV in 
Figure 2.4 a. After normalized to Au peak area as internal standard for each sample, it 
can be calculated that initiators functionalized with one-step method are around 4 times 
higher in Br peak than the other method, indicating a higher grafting density for future 
SI-ATRP. 
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Figure 2.4. Comparison of XPS peak areas between one-step (black) and ligand exchange 
method (red) for C (a) and Br (b). All the peaks are normalized to their maximum. CTAB coated 
GNRs control is also shown in blue. (b) in order to exclude the possible contribution from 
remaining CTAB .   
 
 
Table 2.1 Summary of XPS data for initiator functionalized GNRs 
synthesized by both methods 
 
 One-step Ligand transfer 
Au peak area 14984.4 47734.9 
C peak area 8857 5110.8 
Br peak area 515.7 422.5 
C / Au 0.59 0.12 
Br / Au 0.034 0.009 
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2.4 Conclusions  
Dynamic surfaces on GNRs can be successfully constructed with thiol-
functionalized PNIPAM of modest molecular weights (3600 g/mole). Surface enhanced 
Raman scattering was applied to report the dynamic distance change as a function of 
temperature from bound reporter molecules. By simply association of the Raman probe 
DPE with the PNIPAM non-covalently, the Raman signal can be reversibly changed. By 
controlling the temperature of the surrounding solution around the PNIPAM LCST, the 
polymer conformation can be changed responsively and thus result in the associated 
Raman probe signal’s reversible changes. The SERS measurement showed that the 
changes in Raman signal can be reversibly triggered by temperature for two complete 
temperature changing cycles. It is worthwhile to point out that Raman signal 
enhancement can also be caused by SERS hot-spots resulting from GNR aggregation. 
It is important to prove the colloidal stability of the GNRs after the temperature change 
as shown in Figure 2.2 (b).  
This system, however, still have some disadvantages. First of all, the attachment 
of DPE on PNIPAM is based on non-covalently interaction. It is hard to quantify the 
exact number of Raman probe on the GNRs and thus calculate the exact enhancement 
factor. Secondly, the Raman signal for both low temperature and high temperature 
sample is quite low such that the reversible change is not obvious. This lack of signal 
could be due to the low grafting density of PNIPAM or the poor association of DPE and 
PNIPAM. Finally, the Raman signal acquisition requires aliquot of sample to be taken 
out, which would become more convincing if the signal is acquired from the sample 
itself. These concerns could be drawn if dual-functionalized PNIPAM with one end for 
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Raman probe conjugation and the other end for GNR attachment is applied or further 
engineering on the laser path and temperature controlled is performed in the future.     
In order to increase the grafting density of PNIPAM on GNRs, an alternative way 
of polymer coating was also tested. To optimize the surface-initiated polymerization 
protocol proposed by Dr. Eller previously in our group, the efficiency for different 
methods of ATRP initiator functionalization was tested. The result shows that by 
carefully choosing the H2O/DMF ratio for the solvent and the addition kinetics, the GNR 
stability would still retain without the necessity for an extra ligand exchange step. XPS 
measurement was applied to semi-quantify the grafting density of the initiators on GNRs 
and the result suggests a 4 fold increase on the initiator density with one-step direct 
functionalization suggested by the Br signal. The result offer a modification on the SI-
polymerization protocol and also suggests that the surface chemistry for GNRs could be 
significantly different if same reagents were applied but with different protocol.   
  
45 
 
Chapter 3. Heterogeneous silica coating on GNRs 
3.1 Introduction 
The surface chemistry of nanoparticles is of crucial importance in understanding 
and predicting interesting nanoparticle properties and is particularly important in 
chemical sensing and biological applications.33 To better utilize gold nanorods (GNRs) 
in various applications, it is important to be able to control the surface chemistry and 
thus tuning their properties as expected. As- synthesized GNRs are covered with a 
surfactant CTAB bilayer, which requires further functionalization on the CTAB layers or 
an adequate replacement with molecules with desired properties.34 Among all the 
surface modification methods, silica coating has been widely applied due to the well-
developed synthesis protocol, ability to tune the shell thickness, enhanced colloidal 
stability and various ways of further chemical functionalization of the surface.9, 35  
 One distinct properties of GNRs compared to spherical particles is their shape 
anisotropy which lead to anisotropic plasmonic properties. On one hand, GNRs exhibit 
two surface plasmon resonance (SPR) peaks, transverse and longitudinal with the 
longitudinal being tunable with the aspect ratio of the GNRs.5a On the other hand, it has 
been shown that the field enhancement due to SPR is heterogeneous, with stronger 
enhancements at the end compared to the side of the GNRs upon illumination into the 
longitudinal plasmon band.36 Thus, there has become a rising interest of functionalizing 
GNRs surfaces heterogeneously and selectively.  
Previous work on site-selective chemistries mainly focused on GNR directed 
assembly; anisotropic functionalization is thought to arise from the non-uniform packing 
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of CTAB at the ends versus the sides of GNRs.37 Nie et al demonstrated this by 
applying thiol-functionalized polystyrene to end-specific coat GNRs and form analogues 
of amphiphilic triblock copolymers and perform assembly of different structures at 
different solvent.38 Other molecules like DNA39 and antibodies40 have also been applied 
to achieve directed GNR assembly due to site-specific functionalization. A recent work 
from Wang et al first achieved site-specific heterogeneous silica coating on GNRs and 
demonstrated metal overgrowth with this system.41 By blocking the end of GNRs similar 
to the above work stated, silica can be coated on GNRs side-specifically and by finely 
controlling tetraethyl orthosilicate (TEOS) and CTAB concentration, silica coating can 
take place only at the end of GNRs. Previous work in our lab from Dr. Jonathan Eller 
aimed to apply similar protocols to GNRs of smaller diameters. It was found that the 
TEOS and CTAB concentration should be different for end-coating GNRs with different 
diameters and PEG should be functionalized on GNRs with their disulfide form to 
achieve silica side coating.  
In this part of the work, we aim to further investigate the mechanism of site-
specific silica coating on GNRs. At first, the comparison was made between free thiol 
and disulfide PEG on their efficacy for side-specific silica coating. A different reducing 
method applying tris(2-carboxyethyl)phosphine as the reducing agent that minimize 
auto oxidation was applied. Secondly, the same protocol was applied to GNRs with 
different aspect ratios to test the feasibility. The result agreed well with the mechanism 
that proposed and could provide helpful guide for the future development of general 
procedures for site-specific silica coating on GNRs with different aspect ratios.  
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3.2 Experimental 
3.2.1 Chemicals and instrumentation 
Tetraethylorthosilicate (TEOS), sodium hydroxide (NaOH), ethanol (EtOH), 
methanol (MeOH), 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) and tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) were purchased from Aldrich, and used 
as received.  Poly(ethylene glycol) monomethyl ether thiol (PEG, MW 5,000 g/mol) was 
purchased from Nanocs.  
Amicon Ultra-15 centrifugal filter units with molecular cutoff at 3,000 were 
purchased from EMD Millipore (Darmstadt, Germany). Biotech CE dialysis tubing with 
molecular cutoff at 1000 kDa was purchased from Spectrum Laboratories. All UV-Vis 
spectra were collected on a Cary 5000 UV-Vis-NIR spectrophotometer operating 
between 300-1200 nm. Transmission electron microscopy (TEM) micrographs were 
collected on a JEOL 2100 Cryo TEM. 
 
 
3.2.2 Side-specific silica coating on GNRs 
Unless otherwise stated, all experiments were done at room temperature. The 
synthesis protocol to produce side-specific silica coating on GNRs is shown in Scheme 
3.1. GNRs at desired aspect ratio were dispersed in 24 mL of 0.1 M CTAB to reach 
concentration of 0.75 nM and incubated together with 2 mL of 2 mM methoxy-PEG-thiol 
(molecular weight 5,000 g/mol) in the disulfide from overnight for PEG coating. The 
mixture was centrifuged once at 7,000 rcf for 30 minutes and redispersed in 12 mL 
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nanopure water to remove the free PEG in solution and change the GNR concentration 
to around 1.5 nM. PEG coated GNRs were then dialyzed against 3 L of 0.3 mM CTAB 
for 2 days with three times changing the dialysate to reduce the CTAB concentration 
and remove other impurities. The dialyzed PEG coated GNRs was then ready for silica 
coating.  
133 µL GNRs from the previous step were mixed together with 850 µL nanopure 
water, 3.1 µL of 0.1 M CTAB and 35 µL wt% TEOS (made form adding 17 µL TEOS to 1 
mL ethanol) in an Eppendorf tube and shaken for 30 minutes. 12 µL of 0.1 M NaOH was 
then added to the Eppendorf tube and the reaction mixture was allowed to shake 
overnight. The mixture was centrifuged once at 6,000 rcf for 20 minutes and 
redispersed in 1 mL ethanol for further characterization.  
 
Scheme 3.1. Synthesis protocol for side-specific silica coating (upper) and end-specific silica 
coating (lower).   
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3.2.3 End-specific silica coating on GNRs 
The synthesis protocol of end-specific silica coating of GNRs is also shown in 
Scheme 3.1. 10 mL of 1 nM GNRs were centrifuged a second time to remove CTAB 
extensively and redispersed in 10 mL nanopure water together with 40 µL of 0.1 M 
CTAB to make the final CTAB concentration around 0.75 mM. The solution was 
incubated overnight to allow for CTAB to reach equilibrium on GNRs and in solution. 4 
µL of 0.1 M NaOH was added to 1 mL of 1 nM GNR in 0.75 mM CTAB in an Eppendorf 
tube and incubated for 30 minutes. Then 9 µL of 10 v% TEOS (made from adding 100 
µL TEOS to 900 µL of methanol) was added to the tube and the mixture was shaken 
overnight and purified by centrifugation once at 6,000 rcf for 20 minutes and 
redispersed in 1 mL ethanol for further characterization.  
 
 
3.2.4 Disulfide characterization and reduction 
The amount of free thiol in the different forms of PEG was characterized with 
Ellman’s assay. 40 mg of 5,5'-dithiobis-(2-nitrobenzoic acid) (DNTB or Ellman’s reagent) 
was dissolved in 10 mL DMSO to make a 10 mM stock solution. The stock solution was 
diluted 100 fold with 10 times diluted phosphate-buffered saline (PBS buffer) to make 
0.1 mM working solution for the test. 950 µL of working solution is added to an 
Eppendorf tube and 50 µL of PEG sample was added while 50 µL of nanopure water is 
added as blank. The solution was vortexed and incubated for 15 minutes and UV-Vis 
spectrum was taken to read the absorption value at the wavelength of 412 nm.      
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Disulfide PEG was reduced to the free thiol using the reducing agent TCEP. 4 
mL of 0.5 mM PEG at its disulfide form was incubated together with 200 µL of 30 mM 
TCEP freshly made solution and 264 µL of 1 M sodium phosphate buffer at pH 5.5. The 
mixture was vortexed and incubated for 30 minutes for the complete reduction. Free 
reducing agent and other small molecule impurities were removed through a centrifugal 
filter unit with a molecular weight cutoff at 3,000 for three times at 6,000 rcf for 20 
minutes. The reduced PEG was then collected within the filter and diluted to 1 mL for 
characterization and PEG functionalization.  
  
 
3.3 Results and discussions 
 3.3.1 Mechanism study of side-specific silica coating  
Wang et al have proposed that the mechanism of side-specific coating of GNRs 
is due to the PEG blocking of the end of GNRs.41 Due to the loosely packed CTAB at 
the end compared to the side, PEG would favor end functionalization and replace CTAB 
mainly on the end. Previous work from our lab suggested that the oxidation state of the 
thiol on PEG plays a key role if the protocol were to be effective for GNRs with diameter 
at around 15 nm. In order to test this, a similar control experiment was done with 
different reducing agent TCEP. The advantage of choosing TCEP, a common reducing 
agent for disulfide reduction in biochemistry, over dithiothreitol (DTT) is that the 
reducing agent is odorless, more powerful and more resistant to air.42    
  
51 
 
 
 
Scheme 3.2. Illustration of the control experiment to test the importance of thiol oxidation state 
while performing the GNR side-specific silica coating.   
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A schematic illustration of experimental procedure is shown in Scheme 3.2. 
Disulfide PEG solution was equally divided into two centrifuge tube, and one sample is 
reduced using TCEP at the working pH. The resulting mixture was cleaned via three 
times centrifugation with Amicon ultra filters to remove excess TCEP. The resulting 
solution in the filter was diluted to the same volume as the disulfide and the free thiol 
percentages of both solution were tested with Ellman’s assay to confirm the successful 
reduction. Figure 3.3 (a) shows the UV-Vis spectra of both solutions after incubating 
with Ellman’s reagent. It can be observed that disulfide PEG without reduction has no 
peak at 412 nm while TCEP reduced PEG show significant peak at 412 nm. Based on 
calculation with Beer’s law, the amount of free thiol in the reduced disulfide PEG 
solution is 85% of the original PEG amount added to the tube. Considering there could 
be loss of PEG during the purification, this recovery is convincing enough that disulfide 
is fully reduced during the previous step.  
 Both PEG solutions were added to GNRs with longitudinal peak at around 1150 
nm and incubated at 0.1 M CTAB respectively and the resulting PEG coated GNRs 
were dialyzed against 0.3 mM CTAB to adjust the CTAB concentration. Silica coating 
was then performed with method stated above and purified by centrifugation and 
dispersed in ethanol for characterization.  
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Figure 3.1. (a) UV-Vis spectra of PEG without (blue) and with reduction (red). The free thiol 
concentration is calculated based on the extinction coefficient of reduced Ellman’s reagent at 
14.15 mM-1 cm-1 at 412 nm.43 (b) UV-Vis spectra of silica coated GNRs applying the side-
specific coating protocol with disulfide PEG (blue) and free thiol PEG (red).     
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As shown in figure 3.2 (b), UV-Vis spectra were taken for silica-coated GNRs 
with disulfide and free thiol PEG. Both samples show good colloidal stability in ethanol 
while the sample achieved with free thiol PEG showed slightly broadened peak. TEM 
images of both sample is taken to examine the position of silica shell on GNRs. As 
shown in figure 3.3, applying PEG disulfide to coat GNRs result in silica shells on the 
side of GNRs while for free thiol PEG there is no silica shell formed on the surfaces of 
GNRs and large and amorphous silica particles are formed in solution. This result again 
proved the importance of thiol oxidation state on their efficiency of GNR end blocking. 
We propose that disulfide GNR would have less accessibility to the gold surface due to 
less affinity to gold of disulfide compared to free thiol and higher steric hindrance. This 
lack of accessibility result in PEG coating on the end of GNRs where CTAB packing are 
relative loose while a uniform PEG layer is formed for free thiol and silica are all formed 
in the solution rather than the gold surface.      
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Figure 3.2. Transmission electron micrographs of silica-coated GNRs synthesized with disulfide 
PEG (a) and (b) and free thiol PEG (c) and (d).   
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Figure 3.3. Histogram of side silica coating shape yield percentage with synthesis using free 
thiol PEG (red, N = 201) and disulfide PEG (blue, N = 123).   
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 3.3.2 Site-specific silica coating on GNRs with different aspect ratios 
The efficacy of the protocol for different aspect ratio was also examined. Since 
this system has the potential of becoming novel plasmonic particle where the 
anisotropic field enhancement could be observed, the need of tuning the GNRs SPR 
peak requires a solid protocol that could work for GNR with different aspect ratios. 
Meanwhile, such study on the geometry dependence could offer more insight about the 
synthesis mechanism.  
GNRs with SPR peak at 830 nm and 1050 nm were used for this study. The 
protocol for side and end coating are explained in the experimental section. GNRs after 
both side coating and end coating protocol retain good colloidal stability in ethanol, 
indicating successful silica coating for all samples. TEM images were acquired in order 
characterize the exact position of the silica shell formed.  
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Figure 3.4. Transmission electron micrographs of silica coated GNRs following the side coating 
protocol for (a, b) lower aspect ratio GNRs (with longitudinal plasmon peak at 830 nm) and (c, d) 
higher aspect ratio GNRs (with longitudinal plasmon peak at 1050 nm). 
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Figure 3.5. Histogram of side silica coating shape yield percentage for GNRs with different 
aspect ratio. GNRs with SPR peak at 830 nm (blue, N = 197) and 1050 nm (red, N = 244) were 
tested. 
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As shown in Figure 3.4 and 3.5, both GNRs with SPR peak at 830 nm and 1050 
nm showed successful silica coating at the side. This finding can be explained by the 
mechanism of side-specific coating since the end blocking of GNRs would not be 
dependent on their aspect ratios.  
End-specific coating for GNRs at different aspect ratio was also tested and 
shown in Figure 3.6. While we applied the protocol developed for longer GNRs, the end 
coating only worked well for GNRs with a longitundinal plasmon peak at 1050 nm. For 
GNRs with a longitundinal plasmon peak at 830 nm, uniform silica shells on GNRs were 
obtained. However, it was observed that some GNRs showed heterogeneous growth 
with the silica shell indented in the middle, which we term “bowties”. 
Another experiment was performed with a reduced TEOS amount in the reaction 
system. Figure 3.7 shows the result for this experiment, and it can be observed that 
although end-coating of GNRs cannot be achieved with shape yield as 1050 nm SPR 
rods, there is a trend where the silica shell on the side became thinner and some of the 
GNRs already show end-specific coatings. The shape yields for end-specific silica 
coating statistics are summarized in Figure 3.8.    
  
  
61 
 
 
Figure 3.6. Transmission electron micrographs of silica coated GNRs following the end coating 
protocol (9 µL TEOS) for (a, b) lower aspect ratio GNRs (with longitudinal plasmon peak at 830 
nm) and (c, d) higher aspect ratio GNRs (with longitudinal plasmon peak at 1050 nm). 
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Figure 3.7. Transmission electron micrographs of silica coated GNRs following the modified end 
coating protocol (4.5 µL TEOS) for (a, b) lower aspect ratio GNRs (with longitudinal plasmon 
peak at 830 nm) and (c, d) higher aspect ratio GNRs (with longitudinal plasmon peak at 1050 
nm). 
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Figure 3.8. Histogram of end silica coating shape yield percentage for GNRs with different 
aspect ratio. GNRs with SPR peak at 830 nm (upper) and 1050 nm (lower) were tested. The 
amount of TEOS at 4.5 µL (blue, N = 504 and 324 for upper and lower respectively) and 9 µL 
(red, N = 399 and 131 for upper and lower respectively ) were compared.    
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3.4 Conclusions 
Site-specific silica coating was performed for GNRs. A different reducing method 
was applied to reduce disulfide PEG to free thiol PEG before the PEG is incubated with 
GNRs. The Ellman’s assay suggested that disulfide PEGs are completely reduced to 
free thiol. Disulfide PEG and free thiol PEG were added into GNRs respectively to 
perform the subsequent silica coating. The results showed that disulfide PEG is the key 
to achieve side-specific coating of GNRs while free thiol PEG results in almost no silica 
on gold surfaces. This can be explained by the mechanism that side silica coating can 
be successful if the end of GNRs are blocked by polymer and disulfide coating resulting 
in end-specific PEG coated GNRs while free thiol PEG results in a uniform PEG layer.  
Side and end silica coating protocol were also applied to GNRs with different 
aspect ratios. GNRs with SPR peak at 830 nm and 1050 nm were examined. It can be 
observed that side-specific silica coating protocol worked well for GNRs at both aspect 
ratios and the end-specific coating protocol established for longer GNRs only worked 
well GNRs with plasmon peaks at 1050 nm. This difference on the protocol efficacy can 
be explained by the mechanism itself. Since PEG end blocking does not depend on 
GNR aspect ratios, side-specific silica coating should work for both GNRs regardless of 
the difference in their geometry. On the other hand, since end-specific coating is more 
of a kinetic control process that requires fine-tuned reagent concentration, GNRs with 
different aspect ratio should require different functionalization conditions. One tentative 
trial with lower TEOS concentration to address this issue have shown improvement on 
the efficacy of end coating for 830 nm SPR GNRs.  
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Future direction for this work lies on finding the optimal condition for end silica 
coating for shorter GNRs since GNRs with SPR peak at the visible range have more 
potential of being novel plasmonic particle in the future. Finding the optimal TEOS and 
CTAB concentration by performing an array of experiment could help us to explore the 
reagent amount window for GNRs with desired geometry.      
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